Energy-linked reverse electron transport from succinate to endogenous NAD in tightly coupled mung bean (Phaseolus aureus) mitochondria may be driven by ATP if the two terminal oxidases of these mitochondria are inhibited, or may be driven by the free energy of succinate oxidation. This reaction is specfic to the first site of energy conservation of the respiratory chain; it does not occur in the presence of uncoupler. If mung bean mitochondria become anaerobic during oxidation of succinate, their endogenous NAD becomes reduced in the presence of uncoupler, provided that both inorganic phosphate (Pi) and ATP are present. No reduction occurs in the absence of Pi, even in the presence of ATP added to provide a high phosphate potential. If fluorooxaloacetate is present in the uncoupled, aerobic steady state, no reduction of endogenous NAD occurs on anaerobiosis; this compound is an inhibitor of malate dehydrogenase. This result implies that endogenous NAD is reduced by malate formed from the fumarate generated during succinate oxidation. The source of free energy is most probably the endogenous energy stores in the form of acetyl CoA, or intermediates convertible to acetyl CoA, which removes the oxaloacetate formed from malate, thus driving the reaction towards reduction of NAD.
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In the absence of Pi and presence of oligomycin, oxidation of succinate by the alternative cyanide-insensitive oxidase pathway, in the presence of sulfide to inhibit cytochrome oxidase, does not reduce endogenous NAD, either in the aerobic steady state or in anaerobiosis. Under these conditions, only the reversed electron transport pathway from succinate to endogenous NAD is active and ATP cannot interact with the respiratory chain. The source of energy for NAD reduction must come from the respiratory chain, and this result shows that oxidation of succinate through the alternate pathway does not provide this energy.
The reduLction of endogenous pyridine nucleotide in mitochondria by succinate by means of an energy-linked reaction utilizing the free energy of substrate oxidation or of ATP hydrolysis to drive reversed electron transport through the respiratory chain has been known for some years (8, 11, 12, 14, 15, 32) in mammalian mitochondria. Kidney and heart mitochondria have proved particularly useful because of their low content of NADP (13, 17) . Plant mitochondria contain no detectable NADP (26, 28, 29) and appear to lack the energylinked NAD-NADP transhydrogenase (27) . They are thus peculiarly well suited for such a study but, curiously enough, very little published material concerning this reaction in plant mitochondria has appeared. Early work by Bonner (4) indicated that ATP was required for endogenous NAD reduction by succinate even if free energy were available from oxidation of the succinate by coupled mung bean mitochondria, since oligomycin appeared to inhibit the reaction. Ikuma (29) reported that this reduction was enhanced not only by ATP, but also by ADP and oligomycin. He also reported that respiratory inhibitors, as well as uncouplers, inhibited the reaction. Wilson and Bonner (50) have recently reported that submitochondrial particles made from mung bean mitochondria by osmotic shock can utilize succinate to reduce added NAD by an energylinked reduction which is driven either by ATP or by substrate oxidation. This observation is in accord with the earlier one of Lee and Ernster (35) , who utilized submitochondrial particles from beef heart muscle. It would appear that plant mitochondria should carry out this reaction in much the same way as mitochondria from animal tissue. If this were so, then energy-linked NAD reduction could be used as a marker for energy conservation in the plant respiratory chain, in particular when the path of respiration is through the alternate, cyanide-insensitive oxidase (2, 6, 25, 47) . But reduction of endogenous NAD in mung bean mitochondria by succinate in the presence of uncoupler has also been observed in this laboratory; the reduction is inhibited by aerobic incubation in the absence of substrate and presence of ADP and uncoupler (44) . The work reported in this paper was undertaken to clarify the pathway of energy-linked NAD reduction and to find conditions under which the reaction could be used as an indicator of energy conservation in the plant respiratory chain.
MATERIALS AND METHODS
Mitochondria were prepared from the hypocotyls of 5-or 6-day-old etiolated seedlings of mung bean (Phaseolus aureus), using substantially the methods of Bonner (5) and Ikuma and Bonner (30) , with modifications as previously described (46) . The mitochondria were assayed for respiratory control (18) (38) .
Adenine nucleotides were obtained from Boehringer Mannheim Corp., succinic acid from Aldrich Co., and L-malic acid from Sigma. and were used without further purification. The Figure 1 , oxygen consumption is inhibited by sulfide, which blocks electron transport through cytochrome oxidase, but does not uncouple (17) , and by mCLAM which blocks electron transport through the alternate oxidase (41) . In the record of Figure IA , addition of succinate to the doubly inhibited mitochondria has little effect, but subsequent addition of ATP results in reduction of about 50% of the endogenous NAD. The reduction is followed by a slow oxidation as ATP is utilized. Addition of uncoupler causes complete reoxidation, and reduction to a level of 70% occurs on malate addition. The ATP-driven reduction is inhibited by oligomycin. The records -of Figure 1 , B and C, show that the same series of additions affects the redox state of the fluorescent flavoprotein, Fp1f (43, 45) , in much the same way as it does that of pyridine nu--cleotide. The flavoprotein is essentially fully reduced on addition of ATP, fully reoxidized by uncoupler, then fully reduced again by malate, as would be expected from its midpoint potential, Em7.2 =-155 mv (45) , some 170 mv more positive than that of the NAD+/NADH couple (9) . The record of Figure  ID shows that the higher potential, low fluorescence flavoproteins are reduced by succinate in the absence of ATP, and that the energy-linked reactions are accompanied by the small absorbance changes characteristic of Fp1f.
The experiment of Figure 1 was carried out in the absence of added P, to maximize the phosphate potential2 achieved by addition of ATP (17) If experiments analogous to those of Figure 3 are carried out in the absence of P,, reduction of endogenous NAD is rapid in all cases, as shown by the records in Figure 4 . In the absence of both P1 and oligomycin, the extent of NAD reduction is about 80% in the aerobic steady state (Fig. 4A ). Comparison of the record in Figure 4A with that of Figure 3A indicates that the respiratory chain responds to the phosphate potential in the absence of oligomycin. In contrast with its stimulatory effect in the presence of P, oligomycin seems to slow down somewhat the rate of NAD reduction in the absence of P, (Fig. 4B) . If both ATP and oligomycin are present, NAD reduction is rapid and complete in both the presence (Fig. 3C ) and absence (Fig. 4C) (44, 46) . The reduction no longer occurs if the mitochondria have been "depleted" of energy by aerobic incubation with ADP and uncoupler in the absence of added substrate (46) . This observation suggests that there may be a second pathway by which reducing equivalents may be transferred from succinate to endogenous NAD, but which does not involve the first energy conservation site of the respiratory chain. The experimental records in Figure 5 show some of the characteristics of this reaction. Addition of succinate to mung bean mitochondria pretreated with ATP (Fig. SA) gives nearly complete reduction of NAD in the aerobic steady state; reoxidation on addition of the uncoupler 1799 is also complete. On anaerobiosis, however, the endogenous NAD becomes reduced again, but at a slower rate. The reduction is complete since no further reduction occurs on addition of malate. If P, is omitted from the reaction medium (Fig. SB) , the anaerobic reduction of NAD no longer occurs in the presence of uncoupler and subsequent NAD reduction by malate is slow. The anaerobic reduction pattern with regard to P, of the endogenous NAD in Figure 5 (Fig. 5C ). The reaction occurs equally well in the presence of oligomycin, but the duration of the lag period increases somewhat (Fig. 5D) .
The effect of adding P, in anaerobiosis on the uncoupled endogenous NAD reduction is shown in Figure 6C . The records of the control experiments, Figure 6 , A and B, show the reduction in anaerobiosis in the absence and presence of oligomycin, respectively. Comparison of the two records shows the slight lag in reduction induced by oligomycin. Otherwise, the rates and extent of anaerobic reduction are nearly comparable, underlining the lack of participation of the respiratory chain energy conservation sites in this reaction. No reduction of endogenous NAD occurs in the absence of P, (Fig. 6C) in the time required for complete reduction in its presence (Fig.  6A) . Addition of 5 mm P1 in anaerobiosis does induce the reduction of endogenous PN, but only after a lag period during which the added P, is presumably entering the mitochondria.
The requirement for ATP, or ATP precursor, in addition to P, for uncoupled, anaerobic NAD reduction is evident from the experimental records of Figure 7 . The relatively low extent of reduction in the aerobic steady state with succinate in the absence of ATP but presence of P, is abolished by the addition of uncoupler, and no reduction occurs in anaerobiosis (Fig.  7A ). Subsequent addition of malate gives rapid and complete reduction of the endogenous NAD. If ATP is added in anaerobiosis, as shown in Figure 7B , rapid and complete NAD reduction ensues after a short lag. If ADP is substituted for ATP as in Figure 7C , NAD reduction does occur, but more slowly and after a longer lag period. This effect is most probably due to generation of ATP, along with AMP, from the added ADP by the ATP-AMP kinase known to be present in plant mitochondria (37) . It appears that some ATP is required for the reduction to take place, but that a high phosphate potential is not. The same effect is obtained with GTP, but again there is a lag which is somewhat longer, implying that GTP may serve to convert mitochondrial ADP to ATP. Fluor. Figure IA . If the experiment of Figure 8A is repeated with the same mitochondrial preparation, but in the presence of oligomycin, there is no reduction of endogenous NAD during the aerobic steady state, and a very slow, barely perceptible reduction in anaerobiosis (Fig. 8B ). This experiment shows that oxidation of succinate through the alternate oxidase pathway by coupled mung bean mitochondria does not conserve the free energy of oxidation. There appears to be no energy conservation site between succinate dehydrogenase and the alternate oxidase, in agreement with results obtained with skunk cabbage mitochondria (47) . If the experiments of Figure 8 , A and B, are carried out in the presence of P,, then endogenous PN is reduced by succinate, and the extent of reduction in anaerobiosis in the presence of oligomycin (Fig. 8D) is actually greater than in its absence (Fig. 8C) . The extent of reduction in the aerobic steady state is essentially nil, and the rate of reduction in anaerobiosis is slow in both experiments, as would be expected if the reduction was taking place through the pathway not involving the respiratory chain. If reduction of endogenous NAD is to be used as a criterion for energy conservation in the respiratory chain of the plant mitochondria, it is evident that this second pathway must be suppressed by carrying out the experiments in the absence of added P,.
DISCUSSION
The transfer of reducing equivalents from succinate to endogenous NAD is a reaction requiring input of free energy, since the midpoint potential of the NADH/NAD+ couple is Another requirement for uncoupled, anaerobic NAD reduction is that some oxidation of succinate take place. When respiration is completely inhibited, as in Figures 1 and 2 , the reaction does not occur. This observation indicates that the direct precursor to NAD reduction under these conditions is malate, derived from the fumarate formed by dehydrogenation of succinate.
In the absence of P,, the energy-linked reduction of endogenous NAD by succinate proceeds only by reversed electron transport through the first energy conservation site of the respiratory chain. The free energy for the reaction, as shown by the records in Figures 1 and 4 Figure 8 . In the presence of ATP and absence of both P, and oligomycin, the oxidation of succinate via the alternate oxidase pathway in sulfide-inhibited mung bean mitochondria is accompanied by about 15% reduction of endogenous NAD in the aerobic steady state (Fig. 8A) . This rises to 50% reduction on anaerobiosis; reduction is complete on addition of malate. The 50% level of reduction in anaerobiosis with succinate is that expected from reverse electron transport driven some 350 mv more negative than that of the succinate/fumarate couple (7, 9, 22) . It is evident from the results reported here that mung bean mitochondria can effect this transfer by reversed electron transport from succinate dehydrogenase through the first energy conservation site of the respiratory chain to the dehydrogenase for endogenous NADH. The energy may be supplied by ATP or by coupled oxidation of succinate. In this, they resemble all mitochondria from different sources which have the first energy conservation site fully functional.
It is also apparent that endogenous NAD may be reduced with reducing equivalents from succinate by another route which does not involve the respiratory chain, and which operates even in the presence of uncoupler. Free energy is needed, however, and this must come from endogenous energy stores, which can be depleted slowly by aerobic preincubation of the mitochondria with ADP and uncoupler. Two (52) , is dehydrogenation of the formed malate by malate dehydrogenase, followed by removal of the formed oxaloacetate to shift the otherwise unfavorable equilibrium (9) towards NAD reduction. This hypothesis may be tested experimentally, based on the finding of Kun (21, 34) that FOAA is a very potent inhibitor of malic dehydrogenase. The experiment is AFI=20% shown in Figure 9A . Addition of uncoupler and FOAA to mung bean mitochondria oxidizing succinate in the presence of ATP, P, and oligomycin, oxidizes the highly reduced endogenous NAD, which in turn remains oxidized in anaerobiosis.
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The control experiments are shown in Figures 9, B partially, in accord with previous work (34) , while FOAA inhibits it completely under these conditions. That the inhibition is competitive in this case, as described for the mammalian enzyme by Kun (21, 34) , is shown by reversal of the inhibition on addition of a high concentration of malate. The experiment with FOAA and the accompanying controls shown in Figure 9 verify the hypothesis that the anaerobic reduction by succinate of endogenous NAD in uncoupled mung bean mitochondria requires that malate dehydrogenase be active, and that the immediate source of reducing equivalents be malate derived via fumarase from succinate oxidation. If respiration is blocked by inhibition of both terminal oxidases, as in the experiment shown in Figure 2 , no endogenous NAD is reduced in the presence of both phosphate and uncoupler by succinate. The requisite amount of free energy must still be supplied to achieve the high degree of NAD reduction observed in the reaction operating independently of the respiratory chain, since the reducing equivalents are being supplied by the succinate/fumarate redox couple. (19, 20) .
This formulation implies that the free energy required for the reduction derives from intramitochondrial energy reserves as acetyl CoA, or as other esterified CoA derivatives convertible to acetyl CoA (39). These energy reserves would be subject to depletion by aerobic incubation of the mitochondria with uncoupler and ADP, as is indeed observed (43, 46, 47 (Fig. 8B) . This is strong support for the conclusion of Hackett et al. (25) 
